Abstract -Integrated starter alternators (SA) allow greater electrical generation capacity and the fuel economy and emissions benefits of hybrid electric automotive propulsion. The drive usually comprises a field-oriented induction motor or vector-controlled permanent magnet motor coupled to the crankshaft of the engine directly or by a belt. These drives have high bandwidth torque control and may be used for active cancellation of the significant ripple torque inherent to internal combustion engines. This paper presents an analytical model useful for the analysis of the combustion engine torque and describes a control system that uses observer-based high fidelity torque feedforward and engine speed feedback to generate a disturbance input decoupling torque command for the SA to cancel the engine torque ripple.
I. INTRODUCTION
Integrated starter alternators (SA) provide greater electrical generation capacity and improve the fuel economy and emissions of hybrid electric vehicles [1] . The integrated starter alternator (SA) is coupled to the combustion engine either directly or by a belt. In addition to enabling the fuel economy and emissions improvements, the availability of the SA to perform other functions provides further benefit to the vehicle. One such function is active crankshaft torque ripple cancellation, in which the SA machine is controlled as a torque actuator to reduce or eliminate the "ac" content of the torque produced by the impulsive cylinder pressures in the engine [2, 3] . This is sometimes referred to as "active flywheel," although it does much more than a flywheel could do.
This paper presents a "disturbance input decoupling" control method using a highly accurate observer that combines feedforward and feedback signals to synthesize the torque control signal for the SA effectively to cancel the ripple torque of the engine. The paper also describes a novel internal combustion engine (ICE) model, the ac torque observer used to create the SA control signal, and test results that illustrate the system performance.
II. INTERNAL COMBUSTION ENGINE MODEL
An indirect injection four-cylinder diesel engine was used for this research. A novel engine model was developed consisting of a method for generating the combustion pressure pulses for each of the four cylinder pressures, a simplified representation of the slider-crank kinematics to convert the pressure pulses to indicated torque, and a timevarying (or crankangle-varying) inertia expression to represent the translating pistons as effective rotational inertias. Fig. 1 shows an overall diagram of the engine, clutch, and vehicle model, assuming the four cylinder pressures P 1 (θ) -P 4 (θ) as inputs, with the engine and vehicle motion states as outputs. The indicated torque, M ICE , as a function of crankangle (θ) can be expressed as
where k1 = πB 2 rsin(θ) 4 ; k2 = P1(θ)+P3(θ); k3 = P2(θ)+P4(θ);
and B is the cylinder bore, r is the crank radius, and L is the connecting rod length. It is important to include the crankangle-varying engine inertia J(θ) to properly model the dynamics of the crankshaft torque.
The nonlinear geometry of the slider-crank mechanism shown in Fig. 2 gives rise to two effects: an inertia which is a function of the angle θ and a LaGrangian term proportional to the partial derivative of the inertia and the square of crankshaft speed [4] . These expressions are given in (2) and (3), and are shown schematically in the block diagram of Fig. 1 
where m rec is the total reciprocating mass.
With an eye toward real-time implementation of this model as an observer, as described in the next section, a simple but accurate method is required to compute the impulsive cylinder pressures. The torque ripple that is generated by the pressure pulses is considered here as a disturbance input. Thus it is important to represent the pressures as accurately as possible without relying on complicated derivations of gas dynamics and chemical thermodynamics [5] [6] [7] [8] .
The combustion pressure waveform can be accurately modeled by considering the underlying mechanisms at work in the cylinder. That is, by adding a motoring pressure waveform due simply to the change in cylinder volume as the crank rotates (without combustion), to an incremental pressure waveform produced by combustion of the fuel. The cylinder volume as a function of crankangle θ and the resulting motoring pressure can be computed from
where V c is the cylinder clearance volume and V d is the cylinder displaced volume. P(0) is the intake manifold pressure. The motoring pressure waveform will differ only in amplitude as a function of engine speed. By normalizing these waveforms, a motoring prototype waveform, p zero (θ), and a scaling factor c 1 that is a function of speed, N, can be found from experimental motoring data. The component of cylinder pressure due to combustion is very difficult to determine analytically. By capturing cylinder pressure waveforms while the engine is firing at different fueling levels (FLVR), and subtracting the appropriately phased motoring waveform for each cylinder, a series of incremental pressure waveforms due to the combustion of a known amount of fuel is collected and analyzed. This analysis leads to a similar firing prototype waveform, ∆p(θ), and a scaling factor c 2 that is a function of speed, N, and fueling level, FLVR. These prototype waveforms and scaling factors are combined to compute individual cylinder pressure waveforms at any speed and any fueling level as
A block diagram showing this computation is given in Fig. 3 . Figure 4 shows very good matching of measured and simulated pressure waveforms using this model. 
III. ENGINE TORQUE OBSERVER DESIGN
To implement the "disturbance input decoupling" control, a measurement or estimate of the torque ripple is required. It is impractical due to expense and other issues to install a physical sensor for crankshaft torque, so an observer is designed to compute a non-lagging estimate of the engine torque ripple (or ac torque). The control strategy is to command the SA to produce the inverse of this ripple torque which, when added to the crankshaft torque, will cause the ripple to be cancelled or decoupled from the net output. It is also important not to have the SA producing any average (or "dc") torque, so the observer is designed to capture an estimate of only the ac content of the crankshaft torque.
The engine model described above must be extended to include the contribution of the starter alternator torque. Using this extended model as an observer, it is then possible to determine the appropriate ac torque to use as the "disturbance input decoupling" control signal, M ∧ AC . The observer topology is shown in Fig. 5 in general terms, and in detail in Fig. 6 . The primary torque production process is the internal combustion engine, while the secondary torque production process is the SA. It is vitally important with this technique to include the effects of both physical processes to achieve a correct estimate, and to accurately represent the complete physical system in the observer. As seen in both Figs. 5 and 6, the command provided to the physical system (the SA) must also be provided to the representation of the SA in the observer. The determination of this signal, M ∧ AC , is the primary result of this work.
Finally, because the feedforward portion of the observer is open loop, motion state feedback from the physical system is used in the observer to make it closed loop. This corrects for any inaccuracies in the feedforward estimate [9, 10] according to the bandwidth of the observer controller. Transfer function analysis is used here to tune the closed loop observer, as has been done in previous work [11] . The transfer function to analyze is that between the indicated torque, M ICE , and the observer output, M ∧ AC . This transfer function is given in (7) and the corresponding Bode plot is shown in Fig. 7 (with parameter variation included) . Fig. 7 clearly shows that the output M ∧ AC is equal to M ICE in the desired passband, approximately 1 to 100 Hz, and attenuated elsewhere, particularly at dc. This produces the desired signal for decoupling the ac disturbance torque using active flywheel control.
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IV. ENGINE TEST STAND AND RESULTS
The control system described above has been implemented on a test stand consisting of a Ford 1.8 liter turbocharged inter-cooled four-cylinder indirect injection diesel engine with an indirect field-oriented induction motor starter alternator directly coupled to the crankshaft where the flywheel would normally reside. A water brake is provided as a load. The test apparatus is shown schematically in Fig.  8 . The field-oriented induction motor control block diagram is shown in Fig. 9 [16, 17] .
A significant amount of testing was carried out over the speed range of idle (850 rpm) to 2000 rpm, under loaded and unloaded conditions. Typical results for the observer and the active flywheel performance are shown in Figs. 10 -13.
Figs. 10 and 11 show a sample of the very good tracking performance of the observed cylinder pressures, indicated and net torque, and engine speed signals. Figs. 12 and 13 show a sample of the results achieved for the active flywheel control using the starter alternator and the developed observer.
V. CONCLUSIONS This paper presents a simple method to actively control a starter alternator to decouple unwanted ac disturbance torque from internal combustion engines. The method is based on a flexible and accurate dynamic model of an internal combustion engine that is valid over all speeds and loading conditions. The model is extended to develop an observer capable of providing a very high fidelity, wide bandwidth estimate of the crankshaft ripple torque content that can be used as a disturbance input decoupling control signal for a crankshaft mounted integrated starter alternator. The observer contains a feedback controller operating on crankshaft speed feedback derived from the position sensor used for the starter alternator control, such that no additional sensors are required to implement this torque control system. Test results are provided, showing very good performance both for the observer and the active flywheel control system. 
